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1 INTRODUCTION 
Phosphorus (P) plays a vital role in agroecosystems as it is an essential nutrient in plant 
and animal nutrition and is limiting agricultural production in most regions (Jarvie et al., 
2019). We apply P to agricultural fields in excess amounts, which is resource-ineffective 
and environmentally damaging. The European Commission lists phosphate rock as a 
critical raw material (CRM) (Communication …, 2014; Study on the EU's list …, 2020). 
The peak of P is estimated to happen in around 400 years (Kauwenbergh et al., 2013). The 
“peak” of a resource is an event in time when “growing demand for the critical resource 
will outstrip economically available supply (annual production) at some point, if left 
unchecked, despite some advances in technology” (Cordell and White, 2011). This can be 
well before the resource is completely depleted (Duboc, 2019). However, as there are also 
geopolitical uncertainties surrounding the supply of phosphate rock (PR), action has to be 
taken towards a more sustainable stewardship of P.  
In order to enhance the sustainability of P use, focus should be put on developing P-
efficient varieties of plants (demand side) and on managing the P-status of the soil (supply 
side). Understanding the dynamics of P in soil under different abiotic conditions better 
would help achieve this goal. By targeting conditions that favour greater P solubility in the 
soil farmers could increase the plant-available fraction of this nutrient in the soil. An 
improved P-efficiency in agricultural fields would mean a lesser dependency on mineral 
fertilizers. The input of fertilizers derived from PR, a non-renewable resource, could 
decrease and leaching would be minimized. PR-mining is an environmentally damaging 
and costly practice which causes considerable geopolitical tensions which could sharpen if 
the demand for PR continues to rise as is expected. In low-input and organic cropping 
systems, where mineral fertilizer input is restricted, understanding internal P-cycling is 
especially important to improve crop productivity (Manschadi et al., 2014).  
The terms phosphorus and phosphate are often used interchangeably in agricultural 
guidebooks, but what is usually meant is the phosphate ion. A phosphate is a chemical 
derivative of the phosphoric acid, either a salt or an ester. The phosphate ion (PO4)
3- is 
relatively large ion and can form many different salts. The form of the ion that plants and 
fungi take up is H2PO4
- (Smith et al., 2011) and the molecular mechanisms of its mobility 
are similar in plants, algae and fungi. 
Two terms, availability and solubility, are used for describing P at the plant-soil interface. 
When giving information on the geochemical behaviour of P as a solute, the term solubility 
is advisable, as it relates to the chemical properties, and not also to the biological factors, 
such as i.e. uptake efficiency of a crop. 
Phosphorus is critical for plant growth and development and makes up around 0,1 to 0,5% 
of crop plant dry weight (Manschadi et al., 2014; Schachtman, 1998), but it is one of the 
most difficult nutrients for plants to acquire (Smith et al., 2011). After nitrogen, 
phosphorus is the second most frequently limiting macronutrient for plant growth. In 
response to phosphorus limitation, specialized roots of some species exude organic acids 
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which enhances the mobilization of P and some micronutrients around the roots (Smith et 
al., 2011). 
In soil, phosphorus may be present in relatively large amounts, but the concentration in the 
soil solution is usually very low, as it undergoes a series of reactions that gradually 
decrease its solubility (Manschadi et al., 2014), such as adsorption, precipitation, or 
conversion to the organic form (Holford, 1997). Recovery of phosphorus applied as 
fertilizer is very low with an average use-efficiency of less than 45% in the first year of 
application (Manschadi et al., 2014).  
As unfertilized soils normally do not satisfy the P needs of crop plant species, P is added in 
the form of fertilizer to ensure productivity of the crop. The capacity of the soil to resist a 
change in P concentration, when it is removed by plants or added with fertilizer, is 
important to consider when planning fertilization. 
Along with the beneficial function of fertilizers, it is important to consider the risk of 
environmental pollution caused by the leaching of fertilizer nutrients into the surrounding 
ecosystems. To evaluate the risk, it is important to know the composition of the fertilizer, 
the climatic conditions and soil properties. Nutrients will travel down the soil profile until 
they reach the groundwater body underneath it, which poses a threat to the water quality. 
With erosion and run-off, nutrients also travel horizontally, causing emissions into surface 
water bodies. Leaching of a nutrient into surrounding ecosystems represents a disturbance 
and poses an ecological threat. Changes in abiotic soil conditions, like pH, facilitate soil 
mechanisms and plant controls on ecosystem P availability and therefore affect the stability 
of the ecosystem substantially. The pH itself is not a spatio-temporally stable characteristic 
in agricultural soils, especially in the topsoil. It may fluctuate with harvest and 
management practices, sometimes intentionally in the case of liming, where the pH is 
raised by the farmer. 
Understanding the mechanisms governing phosphate solubility is relevant for predicting 
both the plant availability of this nutrient as well as its leaching into the environment. Soil 
pH affects phosphate sorption and desorption to soil components and therefore its 
behaviour in the plant-soil system. Prediction of its effect is important if we wish to 
improve the environmental sustainability of cropping systems. 
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1.1 PROBLEM DEFINITION 
 
It is a widely accepted notion that the optimum soil pH for P availability of plants is in the 
moderately acidic to neutral range. A typical example often seen in textbooks is a graph 
from the Australian Soil Fertility Manual from 2006 (Figure 1).  
This notion came about because plant availability of P is considered to be controlled by Al 
and Fe in the lower end and by Ca in the higher end of the pH scale (Price, 2006). 
The body of work by N. J. Barrow and relevant recent studies show that this is not the case 
in most soils and there is actually a minimum of phosphate solubility at slightly acidic or 
circumneutral pH (Murrmann and Peech, 1969; Weng et al., 2011; Gustafsson et al., 2012; 
Eriksson et al., 2016; Simonsson et al., 2018).  
 
 
Figure 1. Redrawn figure from Price (2006) purporting to show the effects of pH on the availability of 
phosphate (redrawn after Price, 2006, cit. after Barrow, 2017) 
Slika 1. Slika, prerisana po Price (2006), s katero Price razlaga učinke pH na razpoložljivost fosfata 
(prirejeno po Price, 2006, cit. po Barrow, 2017) 
 
1.2 LITERATURE REVIEW 
 
Barrow (2017) claims that there should be a more mechanistic approach to understanding P 
availability to plants. Rather than to accept several postulated sinks of P for all soils 
(fixation by Ca, fixation by Al), phosphate solubility can be seen as one mechanism: 
adsorption followed by solid state diffusion of the adsorbed phosphate ions into the 
adsorbing particle. 
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The effects of pH on phosphate solubility can be described as a combination of three terms 
in any soil: the rate of uptake of phosphate by roots, the amount desorbed from soil and the 
amount sorbed by soil (Barrow, 2017). Depending on soil characteristics and present 
conditions, their relative contribution to the soil solution P status can be positive or 
negative. The cumulative effect increases or decreases availability of P to the plant. All 
three can be in effect at the same time, concurrently reducing or increasing the 
concentration of soluble P. 
Already in 1977, Veith and Sposito warn that a number of studies show a discrepancy 
between their results and the traditional theory of P solubility by indicating that in several 
soils, the solubility of soil P exhibits a minimum, rather than a maximum at moderately 
acidic to near-neutral pH (Veith and Sposito, 1977; Haynes, 1982) references a number of 
early studies which show this result. 
More recently, a number of previous studies have reported the existence of a minimum in 
phosphate solubility between pH 5,5 and 7 in non-calcareous soils (Gustafsson et al., 
2012). In the unfertilized samples of Eriksson et al. (2016), most pH-dependent solubility 
curves were U-shaped with a minimum between pH 6 and 7, which was in agreement with 
the results of Gustafsson et al. (2012). Increasing the pH leads to an increased stability of 
hydroxy-Al interlayers and therefore to an increased P sorption, which is why some soils 
display a minimum of PO4-P solubility at pH higher than 6 (Harsh and Doner, 1985). 
One of the purposes of applying lime to agricultural fields is to enhance the availability of 
P to crops (e.g., Haynes, 1982). However, seemingly in conflict with the traditional theory 
on P solubility, previous and recent studies indicate that in several soils, the solubility of 
soil P exhibits a minimum rather than a maximum at slightly acidic or circumneutral pH 
(Murrmann and Peech, 1969; Weng et al., 2011; Gustafsson et al., 2012; Eriksson et al., 
2016; Simonsson et al., 2018). 
In conclusion, a considerable body of published studies by important researchers suggest 
minimum solubility of soil phosphate (P) in the pH range traditionally considered as the 
target for lime applications on agricultural land (Simonsson et al., 2018). Barrow (2017) 
argues that liming is justifiable for other reasons of promoting plant growth but increasing 
the soluble fraction of phosphorus in soil solution is not one of them. 
 
1.2.1 Root P solubilization activities 
 
Kreuzeder et al. (2018) show that plants respond to P deficiency by acidification or 
alkalization depending on initial soil pH, which results in distinct patterns of highly 
localized depletion and accumulation of P. Cluster roots are a well-known example of roots 
that acidify the soil, largely around the apices. Organic acids and protons released by 
microorganisms are particularly effective in solubilizing complexed soil P. It is difficult to 
assess microbial and plant solubilization activities separately (Parmar and Singh, 2014), 
but the release of H+/OH- ions by plant roots changes the pH of the soil solution for up to 
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2 units. Active acidification by plants seems counter-productive if the optimal soil pH for P 
solubility were near neutral (Barrow, 2017). 
 
1.2.2 The effect of fertilizer on pH 
 
Prior application of phosphate induces a more negative electric potential on the reacting 
surfaces and this decreases the affinity of phosphate for the surfaces (Barrow and Debnath, 
2015), so the pH dependent solubility curve of a fertilized soil changes over time. 
When a conventional mineral fertilizer (e.g. superphosphate) is added to soil, some 
acidification happens close to granules of the fertilizer because they release phosphoric 
acid. Phosphoric acid dissolves into dihydrogen phosphate (H2PO4
- ) and H+ protons, 
which reduce the pH to possibly to very low (Fulazzaky, 2014). The acidity around the 
granules dissolves Fe and Al compounds in soil and results in the adsorption of P, which 
reduces its concentration in solution, i.e. the amount ready for plant uptake. This acidity 
can also have important implications to the mobilisation of metalloids in the rhizosphere 
(Fulazzaky, 2014). 
 
1.2.3 The role of pH in fertilizer testing 
 
Extraction methods for evaluating the efficacy of a P fertilizer are performed under 
characteristic pH conditions. The fertilizer industry tends to choose an extraction-method 
to present the “P-effectiveness” of their fertilizer based on how the result will differentiate 
their product from others already on the market, creating a subjective bias. The presented 
result may provide information that is not applicable to certain site-specific conditions (like 
the pH of a soil). This can lead to false predictions about P-dynamics in a field and to 
inappropriate inputs of fertilizer. For example, most agricultural soils in central Europe 
have a moderately acidic to neutral pH. The determination of “plant-available” P in similar 
pH conditions can be done by water-extraction or neutral ammonium citrate extraction, but 
not by formic acid extraction or citric acid extraction, which produce pH values of around 
2 and not by alkaline ammonium citrate, which produces a pH value of around 10. The 
amount of P that becomes soluble in one vegetation period for a particular fertilizer should 
therefore be determined using a water-extraction or, in the case of a moderately acidic soil, 
using a neutral ammonium citrate extraction (Kratz and Schnug, 2009). 
There is a growing number of recycled fertilizers made from P-rich biowastes on the 
market and we can expect more in future. These materials are usually very heterogenous 
and it is difficult to establish which testing method should be the standard. Methods that 
can provide information of how the nutrient will behave under a wide range of field 
conditions (e.g. pH values) are preferable. Duboc et al. (2017) show results that suggest 
that the validity of standard P fertilizer tests needs to be reassessed because there is often a 
weak correlation between extraction methods and plant uptake of P and state that standard 
extractions are poor predictors of nutrient solubility. In the early stages of fertilizer 
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development, multiple parameters need to be studied (on a wide range of pH values) to 
optimize the product in terms of nutrient solubility and release kinetics (Duboc et al., 
2017). As some crops grow on soils with a large variability of pH and carbonate content, 
infinite-sink methods seem to be the better option for predicting P-efficiency of a fertilizer. 
Infinite-sink methods can be considered a mechanistic surrogates of P uptake by plant 
roots, so they are good predictors of P availability across a wide range of conditions. Two 
such examples that are gaining recognition are DGT (diffusive gradient in thin films) 
(Degryse et al., 2009; Mason et al., 2013) and the iron-sink bag (Duboc et al., 2017). The 
downside of DGT is the relative high price of the technique and the fact that, as a 
mechanistic method, it does not include an imitation of root activities, which are an 




Liming can enhance crop production and mineralize soil organic carbon and generally 
results in favourable changes in soil properties. It is commonly utilized by farmers to 
increase the availability of P. Barrow argues that liming to raise the soil pH with the 
intention of increasing P solubility is not justified (Barrow, 2017). 
Liming does not deplete the pool of soil organic P by turning it into a more soluble form, 
but it did have a positive effect on the solubility of mineral P added as fertilizer in the 
decades following liming in long term field trials (Simonsson et al., 2018). 
Lime is an effective soil amendment for immobilizing metalloids in soils polluted with 
heavy metals like Cd an Zn. Liming may be useful to plants because it ameliorates Al 
toxicity, which is characterised by an inhibition of P uptake (Haynes, 1982). 
Indirectly, liming has the following effect on P liability in agricultural soils: proton-driven 
weathering of primary minerals leads to occlusion of P in secondary minerals. After 
liming, the base-saturated exchange complex might adopt the role of proton sink and, in 
this way, inhibit P occlusion in secondary minerals like short-range order Al-phases 
(Simonsson et al., 2018), leading to a higher concentration of dissolved P in soil solution. 
Haynes (1982) in his critical review writes about liming acidic soils stating that, if reacted 
with lime and then phosphate without intervening air drying, this will result in an increase 
of phosphate adsorption (meaning lower phosphate solubility). If the same soil is air-dried 
after liming, this changes its surface characteristics and leads to a decrease in adsorption of 
phosphate “probably by promoting the crystallization of the hydroxy-Al cation polymers”. 
(Haynes, 1982). 
Another reason for liming is improving soil structure and organic matter input, but it is 
unlikely to result in observable changes in the pool of organic P and there are limited data 
from long-term field trials that would allow conclusion on the effect of liming on soil 
organic matter under field conditions (Simonsson et al., 2018). 
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1.2.5 Reactions of phosphate with soil particles 
 
As the pH is decreased from 6 to 4, the amount desorbed from soil increases, and the 
amount sorbed by soil often also increases (Barrow, 2017). 
Adsorption is the initial reaction between phosphate and soils particles. PO4-P adsorption 
increases with decreasing pH, which is why adsorption processes are expected to be more 
influential in the low pH range (Gustafsson et al., 2012). 
If there is no penetration into the particle, for example in a mineral with no faults in the 
crystalline structure, we would expect adsorption to be a predictable and finite process 
(Langmuir adsorption equation can explain this). Barrow and Debnath (2015) were able to 
study the reaction of adsorption in isolation by using healed goethite, a material with 
almost no faults in the crystalline structure. This means that almost no penetration of 
phosphate into the particles occurs. This way, the rate of reaction can be studied, but the 
magnitude is a more complex subject related to surface activity rather than concentration 
(Bowden et al., 1977). Both the surfaces and adsorbing species are charged, and the 
surfaces change their charge when ionic adsorption takes place (Bowden et al., 1977). The 
heterogeneity of soil particles adds to the complexity of studying these reactions in 
isolation. 
Often, adsorption is treated as the most important control of P solubility in soils. However, 
in calcareous soils, adsorption is no longer the major mechanism governing P solubility. 
An important factor contributing to P-removal from the soil solution in such soils are 
precipitation reactions with Ca. 
Weng et al. (2011) calculated that adsorption is the major controlling mechanism of 
phosphate solubility in low-P soils, but not at high pH in high-P soils, where precipitation 
of Ca-phosphates occurs and affects the solubility product. 
The results of Tunesi et al. (1999) suggest that, for soils with a high reservoir of 
exchangeable cations able to form insoluble P phases, precipitation is the predominant 
mechanism which reduces P availability for plants. 
Sorption is adsorption and solid state diffusion of the adsorbed phosphate ions down an 
electrochemical gradient into the particles (Barrow, 2017). 
Desorption is theoretically the opposite process of adsorption.  
The kinetics of adsorption/desorption is reversible to some degree, depending on soil 
characteristics and soil history. Highly weathered soils, for example, display a tendency for 
high magnitudes of irreversible adsorption of phosphate (Guedes et al., 2016). The 
phenomena of a system to depend on its history is called hysteresis and plays an important 
factor in soil-phosphate reactions. 
Desorption of phosphate is large at low pH, decreases to a minimum near pH 6–7 and 
increases again at pH above about 7 (Barrow, 2017). 
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To define P-speciation in soil and reduce P-immobilisation following fertilisation, the 
relative importance of adsorption and precipitation reactions needs to be quantitatively 
established (Tunesi et al., 1999). 
 
1.3 AIM OF THE STUDY 
 
The purpose of this study is to add to the existing body of research that has already been 
conducted and to show that the optimum pH for P solubility in soils is not in the near-
neutral to moderately acidic range, as advocated in existing textbooks. This thesis is a 
direct assessment of this problem. N.J. Barrow suggests a contradicting pattern based on 
experimental evidence that can be explained by adsorption/desorption processes but claims 
that precipitation/dissolution of minerals in not of importance. However, other studies, e.g. 
Weng et al. (2011), show that these processes may be relevant in high-P soils as well. Our 
research questions address these issues. Agricultural models of phosphate sorption should 
be able to account for different behaviours of phosphate during sorption/desorption 
(Gustafsson et al., 2012), precipitation/dissolution of minerals and the long-term dynamics 
of surface-reactive and occluded phosphate in soils with different P-status. This knowledge 
is required to diagnose P-demands and deficits as well as to predict the availability of 





RQ1: How is P solubility in soils with different P-status related to soil pH? 
RQ2: Does fertilization with P modify this pattern? 
 
HYPOTHESES 
H1: There will be a minimum of dissolved P around pH 5-7. 
H2: The pH dependent solubility curves will be different for fertilized and unfertilized 
soils. 
H3: In calcareous soils (containing calcite), there will be an increase of dissolved P at 
lower pH probably due to dissolution of reactive Ca phosphates. 
H4: At pH>7, precipitation of Ca-phosphates will occur upon spiking. 
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2 MATERIALS AND METHODS 
 
Using low and high P field-collected soils, as well P-spiked soils, we conducted batch 
experiments in the laboratory to determine the response of P solubility to changes in pH. 
We changed the pH by adding base or acid to aqueous soil slurries and used sodium nitrate 
as a background electrolyte. We determined the concentrations of P photometrically and 




2.2.1 BZI NÖ soils (Gföhl B, Herzogenburg A, Herzogenburg B, Horn) 
 
For the laboratory experiments soil samples were selected from the archive BZI NÖ 
(Bodenzustandsinventar Niederösterreich) based on their properties (Table 1). The P-
testing in Austria is normally done using a calcium-acetate-lactate extraction (CAL-P). We 
chose soils that had pairwise similar or complementary properties. For example, a pair of 
soils where both soils are similar in texture and calcite content, but one has a high CAL-P 
value and the second soil a low CAL-P value. We selected only soils from a 0 - 20 cm 
depth to ensure that the measured concentrations were characteristic for topsoil. All soils 
were arable soils, only one soil was a grassland soil. 
 
2.2.2 Soils from Rhizo archive (Gumpenstein, Gföhl A, Korning+Lassee) 
 
Furthermore, three newer soil samples were included in the experimental design 
(Gumpenstein, Gföhl A, the mixture Korning + Lassee) (Table 1). Korning+Lasse was 
mixed from two existing soils; 10 of Lassee and 90% Korning, to get the end carbonate 
content of around 50 g /kg soil (5%). We do not suggest mixing of soils even for laboratory 
experiments, as they are not in equilibrium. The mixing may have caused us to create false 
predictions about real soils that are already in equilibrium and also create methodological 
problems with measurements, when working with only 2 g of dried soils per treatment, like 
in our case. One soil particle from the high-carbonate soil may alter the result for one 
treatment greatly, for example. Another problem is that we cannot draw conclusions about 
the soils based on previous management, because a mixed soil has no fertilization history 
in the field. 
Before the actual experiment, we ran screening experiments to see how soils would react to 
acidification or base addition and to optimize the experimental procedure. This helped to 
assess the buffering capacity of the soils and to determine the molarity of acid/base needed 
to achieve a certain pH of a soil. We also performed matrix matching experiments before 
the spectroscopic measurements. Matrix matching is used in analysis to compensate for 
matrix effects that influence analytical response. 
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The experiments were performed in the lab of the group Rhizosphere Ecology and 
Biogeochemistry (Institute of Soil Research, University of Natural Resources and Life 
Sciences, Vienna) at the Universitäts- und Forschungszentrum Tulln (UFT) from May 
2019 till January 2020. 
The pH dependent solubility of PO4-P was analysed using the method of Gustafsson et al. 
(2012). The method does not include any standard extraction of P but uses a water 
extraction with a background electrolyte NaNO3. The role of the background electrolyte is 
to provide constant conditions for the analyte ions during the observed experimental 
reaction and we have chosen the same molarity and substance as in similar solubility 
experiments (Gustafsson et al., 2012). 
Two grams of air-dried soil was weighed in a polypropylene tube for each treatment. We 
did not mill the soils as this would expose fresh mineral surfaces with differential solubility 
and possibly lead to artefacts in results. 30 cm3 of the background electrolyte sodium 
nitrate NaNO3 (0,01 M) dissolved in the lab HQ (high quality) water was added to each 
vial. 
Each vial received an addition of acid (HNO3) or base (NaOH), ranging from 50 mM 
HNO3 to 15 mM NaOH mostly with intervals of 1 mM. With the addition of acid or base 
we modified the pH status of the samples to get a wide range of pH values which allowed 
us to see the solubility curves of P in each soil. We did not apply replicates in favour or 
rather producing more increments in the range of pH values. 
The vials were then shaken for 7 days in the dark at room temperature in an overhead 
shaker to equilibrate, as in the experiment of Gustafsson et al. (2012). After the 
equilibration reaction, the samples were centrifuged at 3000 rpm for 20 mins. The pH of 
the supernatant was then measured by glass combination electrode pH meter (Schott Prolab 
4000). After the pH measurement the sample was filtered through a single use disc filter 
(0,2 μm) and prepared for i) ICP-OES measurement and ii) analysis of PO4-P 
colorimetrically by a cuvette-photometer using the Moybdenum Blue method. 
Photometrically we measured orthophosphate and by ICP-OES we measured 
orthophosphate and colloidal phosphate. 
 
2.3.1 Spiking the P-poor soils 
 
Freshly fertilizing (“spiking”) soils in the lab consisted of preparing the samples in vials 
the same way as the non-spiked samples and then spiking them with sodium phosphate 
monobasic dihydrate like Gustafsson et al., (2012). This means that, again, 2 g of soil was 
equilibrated with 30 mL of solution with 0,01 M background electrolyte NaNO3. Each vial 
received an addition of acid (HNO3) or base (NaOH), ranging from 50 mM HNO3 to 15 
mM NaOH mostly with intervals of 1 mM. We did not apply replicates in favour or rather 
producing more increments in the range of pH values. We spiked the samples with sodium 
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phosphate monobasic dihydrate (NaH2PO4 x 2H2O). There was one step of P addition, 
which was the same for all treatments and was equivalent to 4,5 mM P/kg soil, which is 
similar in amount to heavy fertilization. We dissolved it in water to make the procedure of 
spiking more practical. 
The vials were then shaken for 7 days in the dark at room temperature in an overhead 
shaker to equilibrate, as in the experiment of Gustafsson et al. (2012). After the 
equilibration reaction, the samples were centrifuged at 3000 rpm for 20 mins. The pH of 
the supernatant was measured by glass combination electrode pH meter. After the pH 
measurement the sample was filtered through a single use disc filter (0,2 μm) and prepared 
for i) ICP-OES measurement and ii) analysis of PO4-P colorimetrically by photometer 
using the Molybdenum Blue method. 
 
2.3.2 Inductively coupled plasma optical emission spectrometry (ICP-OES) 
 
We used the Optima 8300 manufactured by Perkin Elmer for the measurements. 
Inductively coupled plasma optical emission spectrometry is an analytical technique used 
for the detection of chemical elements. It ionises argon to ignite the plasma which then 
excites atoms to emit electromagnetic radiation. The atoms radiate at wavelengths, 
characteristic for a particular element. Some elements radiate at multiple wavelengths, and 
one has to be chosen based on the protocol or quality control recovery rates, for example, 
we measured phosphorus at 214,914 nm. The intensity of the radiation at a particular 
wavelength is then detected and computed into concentration units by a computer program. 
A preliminary test indicated that the matrix containing the background electrolyte did not 
affect the results of analysis. 
Quality control of the measurement was done by checking the intensity of Yttrium 
throughout each measurement, which is the internal standard of the laboratory. 
We carried blanks through every step of the procedure. Quality control inside one ICP-
OES measurement was done using 2 sets of micronutrient mixture solutions (high 
concentration, low concentration) and 2 sets of macronutrient mixture solutions (high 
concentration, low concentration) at the beginning, after every 20 samples and at the end of 
the measurement.  
 
2.3.3 Photometer - molybdate blue method 
 
With the spectrophotometer we measure the absorbance at a wavelength using an artificial 
source of light, a detector and a meter. The spectrophotometer measures the degree of 
absorption of each colour (wavelength), using prism or diffraction grating to split the light 
into different colours and irradiate the chosen colour (as monochromatic light) on to the 
sample, which then absorbs it. The machine we used was a UV/VIS radio-beam 
spectrophotometer Hitachi U-5100. 
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The principle of the analysis is that phosphate and molybdate ions form a complex that 
turns blue upon reduction by ascorbic acid (Murphy and Riley, 1962). The formation of the 
colour complex requires an acid matrix of H2SO4. The samples are placed in cuvettes and 
are measured at a wavelength of 881 nm. The acquired absorbance data is then translated 
into phosphate concentration and then into milligrams of P in 1 kg of soil. These results 
correspond to truly dissolved phosphate. The result does not include colloidal P, because 
the reagent does not reach the P inside the colloid. Colloidal P may be measured along the 
rest of the phosphate in the ICP-OES results, if it is present in the soil sample. 
 
 
Table 1. Selected properties of the soil samples studied (Kreuzeder et al., 2018; BZI NÖ archive)  



























Gföhl B 0-5 Grassland 6,75 high 0 9,3 80,8 14 32 54 88,96 10,47 
Horn 0-20 Arable 7,35 low 2,8 2,9 5,6 22 15 63 85,75 13,03 
Horn P 0-20 Arable 7,16 spiked 2,8 2,9 spiked 22 15 63 85,75 13,03 
Herzogenburg 
A 0-20 Arable 7,38 high 3,3 2,3 106 26 17 57 85,62 10,19 
Herzogenburg 
B 0-20 Arable 7,09 high 0,8 3,7 117,8 8 68 24 79,72 9,09 
Gföhl 0-20 Arable 6,28 low n. d. n. d. n. d. n. d. n. d. n. d. n. d. n. d. 
Gföhl P 0-20 Arable 6,06 spiked n. d. n. d. spiked n. d. n. d. n. d. n. d. n. d. 
Gumpenstein 0-20 Arable 4,81 low 0 n. d. n. d. n. d. n. d. n. d. n. d. n. d. 
Gumpenstein 
P 0-20 Arable 5,00 spiked 0 n. d. spiked n. d. n. d. n. d. n. d. n. d. 
 
pH = Initial pH in H2O, P = initial P status of sample, Carb. = carbonate content measured by the Scheibler apparatus, 
Depth = upper and lower boundary of the sampled soil layer, OM = organic matter content, CAL-P = Calcium-acetate-
lactate extractable P2O5, Ca = Ca saturation, Mg = Mg saturation, n.d. = not determined. P indicates that this is the spiked 
sample. 
*BZI NÖ = Bodenzustandsinventar Niederösterreich 
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RESULTS & DISCUSSION 
 
Larsen and Court (1961) write about phosphate solubility that while the results for some 
soils obey the relationships for pure compounds, others do not, and the proposition that 
these can be attributed to substances of intermediate composition [soils] is not wholly 
satisfactory. The solubility curves were different for our 10 soils (Figure 2). We will 




Figure 2. pH-dependent dissolution of PO4-P in soil suspensions from the short-term batch experiments 
shown for all soil samples, measured by ICP-OES at 214.914 nm 
Slika 2. Topnost PO4-P v odvisnosti od pH v suspenzijah vseh vzorcev tal, pokazana v kratkotrajnih 
laboratorijskih poskusih. Merjeno z ICP-OES pri 214.914 nm 
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Figure 3. pH-dependent dissolution of PO4-P in soil suspensions from the short-term batch experiments 
shown by soil sample pairs, measured by ICP-OES at 214.914 nm 
Slika 3. Topnost PO4-P v odvisnosti od pH v suspenzijah izbranih parov vzorcev tal, pokazana v 
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Figure 4. pH-dependent dissolution of PO4-P in soil suspensions from the short-term batch experiments in 
initially high-P soils (fertilized), measured by ICP-OES at 214.914 nm, for soil properties see Table 1          
Slika 4. Topnost PO4-P v odvisnosti od pH v suspenzijah tal, pokazana v kratkotrajnih laboratorijskih 
poskusih. Prikazani so vzorci tal z visoko vsebnostjo P (gnojena), merjeno z ICP-OES pri 214.914 nm, za 
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Figure 5. pH-dependent dissolution of Ca in soil suspensions from the short-term batch experiments shown 
by soil sample pairs, measured by ICP-OES at 317.933 nm. Vertical axes are not the same 
Slika 5. Topnost Ca v odvisnosti od pH v suspenzijah izbranih parov vzorcev tal, pokazana v kratkotrajnih 
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Figure 6. pH-dependent dissolution of Ca in soil suspensions from the short-term batch experiments shown 
in all soil samples, measured by ICP-OES at 317.933 nm 
Slika 6. Topnost Ca v odvisnosti od pH v suspenzijah vseh vzorcev tal, pokazana v kratkotrajnih 
laboratorijskih poskusih. Merjeno z ICP-OES pri 317.933 nm 
 
 
Figure 7. pH-dependent dissolution of PO4-P in soil suspensions from the short-term batch experiments in 
low-P soils and spiked soils, measured by ICP-OES at 214.914 nm 
Slika 7. Topnost PO4-P v odvisnosti od pH v suspenzijah tal, pokazana v kratkotrajnih laboratorijskih 
poskusih, v tleh z nizko začetno vsebnostjo P ter tleh po laboratorijskem dodatku P. Merjeno z ICP-OES pri 
214.914 nm 
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Figure 8. pH-dependent dissolution of Al in soil suspensions from the short-term batch experiments shown 
by soil sample pairs, measured by ICP-OES at 396.153 nm. Vertical axes are not the same 
Slika 8. Topnost Al v odvisnosti od pH v suspenzijah izbranih parov vzorcev tal, pokazana v kratkotrajnih 
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Figure 9. pH-dependent dissolution of Fe in soil suspensions from the short-term batch experiments shown 
by soil sample pairs, measured by ICP-OES at 238.204 nm. Vertical axes are not the same 
Slika 9. Topnost Fe v odvisnosti od pH v suspenzijah izbranih parvo vzorcev tal, pokazana v kratkotrajnih 
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In soil Gföhl, the pH-dependent curve of phosphate solubility was not U-shaped and did 
not have an obvious minimum of solubility, but displayed a positive pH dependence in the 
range relevant for agriculture (Figure 3, top left). Such a relationship between ion 
concentration in solution and pH follows the principles of pH-dependent anion/cation 
adsorption (Chesworth, 2008). However, this was the only soil with such a pattern. 
The hypothesis H1 stating that dissolved PO4-P is lowest in the slightly acidic to neutral 
pH range is confirmed for all soils except Herzogenburg A and Herzogenburg B (Figure 2 
and Figure 7). The buffering capacity of these two soils was large and we obtained pH 
values as low as around 5. From pH 7,8 downwards P solubility kept increasing with a 
steep slope. 
For the initially high-P soils that were fertilized in the field (Herzogenburg A, 
Herzogenburg B and Gföhl B in Figure 4) the minimum of the solubility curve was 
generally at a higher pH than in low-P soils, confirming H2. A minimum of pH-dependent 
solubility was observed between pH 6 and 7, which confirmed the findings of other studies 
(Gustafsson et al., 2012; Murrmann and Peech, 1969; Devau et al., 2011; Weng et al., 
2011). There was only a slight increase in solubility above pH 7, but the concentration of 










Figure 10. The interaction of activity term and potential 
term determining the amount of sorption (Barrow, 2017) / 
the balance between the increasing proportion of divalent 
ions (HPO42-) and increasingly unfavourable electric 
potential. Above pH 7, the fraction of divalent ions 
approaches unity and the potential in turn predominates, 
causing the sorption to decrease (Barrow, 2017) 
Slika 10. Medsebojni vpliv dejavnika aktivnosti in dejavnika 
naboja določa količino sorpcije (Barrow, 2017) / ravnotežje 
med naraščajočim deležem dvovalentnih ionov (HPO42-) in 
vse bolj neugodnim električnim potencialom. Nad pH 7 se 
delež dvovalentnih ionov približa celoti, potencial pa 
prevlada, zaradi česar se sorpcija zmanjša (Barrow, 2017) 
 
The initial pH values of Herzogenburg A, Herzogenburg B and Gföhl B were 7.38; 7.09 
and 6.75 respectively (Table 1). For soil pH values above 7, a pH increase increases the 
amount of P sorbed (Pardo et al., 1992). This is because at pH values above pH 7, P is 
mainly in the form of HPO4
2- (Figure 11). This divalent ion has greater affinity for the 
adsorbent surfaces (activity term, Figure 10). The increase in pH reduces the potential on 
the plane of adsorption (Parfitt et al., 1975) creating a more and more unfavourable electric 
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potential (potential term, Figure 10). Their interaction determines the amount of sorption 
(first factor). Concurrently, there is an increase in desorption above pH 7, because 
phosphate is displaced due a concentration gradient from inside the particle to the outside 
(second factor). The two factors result in a steady increase in dissolved PO4-P (Figure 4, 
Figure 7).  
If the curve shows a shape with a minimum at 7 with a steep increase below 7, this can 
indicate a presence of Ca-phosphates, as seen in Herzogenburg A and Herzogenburg B, 
which are the field-fertilized soils. Comparing the curves of our field-fertilized soils to 
those of (Eriksson et al., 2016) shows similarities, so we could assume that the proportion 
of Ca phosphates increased in Herzogenburg A and Herzogenburg B as a result of 
fertilization. 
Desorption is large at low pH and has a minimum at pH 6-7 (Barrow, 2017). This was 
obviously the dominating process in the case of Herzogenburg A and Herzogenburg B 
(Figure 4). The increased solubility in the lower pH range in initially high-P soils may be 
desorption from (hydr)oxide surfaces and weathering of apatite-like compounds 
(Gustafsson et al., 2012). With such simple experiments we cannot separate the two effects 
and can only suspect they both have had a role. Since desorption from hydroxide surfaces 
is a reversible reaction and weathering irreversible, it would be interesting to increase the 
pH of these samples again and compare both concentrations of dissolved PO4-P to see if it 
is reversibly adsorbed. This would be the pool of P that is “readily available” (Manschadi 
et al., 2014) to plants. With kinetic experiments, it would be possible to determine, which 
reactions govern the solubility of PO4-P, as some reactions are quicker than others. The 
rate of reactions allows to hypothesize which reactions are governing (i.e. 
adsorption/desorption is quicker than weathering of P-minerals) (Gustafsson et al., 2012). 
Above pH 7, the solution concentration of PO4-P generally increases rapidly with 
increasing pH. We observed this in all soils except Herzogenburg A and Herzogenburg B, 
where the increase in solubility is much less pronounced, which is explained above. The 
trend of a rapid increase in dissolved PO4-P above pH 7 is common to our initially P-poor 
soils and soils with freshly added P (Figure 7). Desorption of phosphate is controlling the 
solubility of PO4-P above pH 7 in P-poor soils and spiked soils (Figure 7). As mentioned, 
the increase in desorption above pH 7 occurs because adsorbed phosphate is displaced and 
a concentration gradient from inside the particle to the outside is established (Barrow, 
2017). At the same time, sorption decreases above pH 7 (Figure 10), making desorption 
the controlling factor of solubility in this case. 
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Figure 11. Effect of pH on 
uptake of phosphate by barley 
roots expressed relative to the 
uptake at pH 4.1 which was 
taken as 100% (unbroken line). 
(Vange, 1974, cit. by Barrow, 
2017) 
Slika 11. Vpliv pH na 
absorpcijo fosfata pri koreninah 
ječmena, (prirejeno po Vange, 
1974, cit. po Barrow, 2017), 
izražen glede na absorpcijo pri 
pH 4,1, ki odraža 100% 
 
Herzogenburg A and Herzogenburg B display an increase in solubility below about pH 6,7 
drastically in a manner distinctly different from other soils (Figure 2). Possibly, this is 
partly related to the dissolution of reactive Ca-phosphates and partly mobilisation of 
occluded P (although the latter seems unlikely in such a short equilibration time). Upon 
speciation modelling for a soil that displayed a similar pattern, Gustafsson et al. (2012) 
attributed it to hydroxyapatite supersaturation. None of the two soils are very calcareous 
(Herzogenburg 0,8% and Herzogenburg A 3,3 % carbonate). There was also a concurrent 
increase in Ca concentration in both these two soils, indicating a dissolution of reactive Ca-
phosphates (Figure 5, center right). 
In fertilized soils, the increase of PO4-P at low pH is often due to the dissolution of short-
range mineral phases associated with Al or Fe that have P adsorbed on them (Simonsson et 
al., 2018). In fact, we observed an increase in dissolved Al and Fe in all our soils (Figure 
8, Figure 9), so a dissolution of Al and Fe-hydroxide-type surfaces in the acidic range 
seems a viable explanation. With this kind of macroscopic experiment, we cannot 
determine to what extent the P-adsorbing Al hydroxide represents a precipitated mineral 
phase (such as Al hydroxide, gibbsite or allophane), or a hydroxy-Al interlayer with 
similar P-binding properties (Eriksson et al., 2016). 
Dissolution of Ca phosphates is probably also what happened at lower pH in the case of 
Gföhl B and Gumpenstein. The dissolved Ca concentration of Gföhl B and Gumpenstein 
increased with decreasing pH similarly as PO4-P (Figure 5). 
In Horn and Horn P (2,8 % carbonate), we observed a slight peak, i.e. an increase in 
solubility from 6 to around 4.3 and then a decrease again (Figure 3, top right). For low-
phosphate soils, such as Horn, sorption increases as the pH decreases from 5 to 3 and there 
is often a minimum sorption near pH 5 (Barrow, 2017). Sorption was probably the control 
of P solubility in soil Horn. Possibly, hydroxy-interlayered clay minerals play a role in P 
sorption in the Horn soil (22% clay content). Eriksson et al. 2016) obtained a similarly 
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shaped pattern with their soil Bjertorp, no longer showing a U shape, and attributed it to a 
change in chemical speciation contributing to dissolved P. If there was any apatite present, 
it did not dissolve in Horn or Horn P at low pH (Figure 3, top right). Weng et al. (2011) 
and Gustafsson et al. (2012) offer the following explanations for this behaviour in clayey 
soils which might be applicable for Horn: 1) sorption of Ca2+ to Al and Fe (hydr)oxides 
leading to increased P sorption particularly between pH 4 and 7, as a result of electrostatic 
interactions at the (hydr)oxide surface; (2) dissolution of P-adsorbing Al (hydr)oxides or 
hydroxy-Al-interlayers at low pH, which removes sorption sites. We saw a dissolution of 
Al in most soils, which was probably due to a dissolution of Al-hydroxides (Figure 8). 
Below pH 5.5, dissolved Al was in higher concentrations in the non-spiked soil samples 
compared to their spiked pairs. Possibly, this is because some Al has precipitated with the 
P added. 
Our most clayey soils had a clay content slightly above 20% (Herzogenburg A, Horn, Horn 
P) and we saw a minimum of PO4-P solubility between 6 and 7, which is also what 
Gustafsson et al. (2012) found with their clayey soils. Interestingly, we found a similar 
minimum in Herzogenburg B and Gföhl B, which were both sandy soils (Herzogenburg 
has 68% sand). We dismiss the hypothesis H5 stating that for clay soils, the minimum of 
pH-dependent solubility of P is higher than for other soils in our experiment. It might be 
that other factors played a more dominating role overriding the role of clay. Choosing 
more clay soils with other characteristics very similar would allow for firm conclusions 
about the role of clay, however, this was not the aim of our experiment. 
Previous studies have observed a difference in the pH-dependent curve if P was added 
during field fertilization or freshly in the laboratory (spiking) (Gustafsson et al., 2012). We 
observed a different pattern common to soils that were fertilized in the field (Herzogenburg 
A, Herzogenburg B, Gföhl B) as well (Figure 4). There was an increase in solubility from 
pH 7 toward low pH (a negative pH dependence). In the case of Herzogenburg A and 
Herzogenburg B there was a drastic increase in solubility. The reasons can be, as 
mentioned; desorption, the dissolution of reactive Ca-minerals in the lower pH range and 
another may be that occluded P became mobilized at lower pH (which is not a very 
reactive P pool). The latter is less likely though, because the equilibration time was 
possibly too short for this pool of P (occluded P) to become mobilized. In a longer 
equilibration time this would happen in the lab as well as in the field. Gustafsson et al. 
(2012) present results from long-term experiments showing that more than 60% of the 
accumulated P in their samples was in a phase probably not reactive in short-term lab 
experiments; they were working with field-fertilized soils. 
According to Eriksson et al. (2016), the presence of reactive Ca phosphate can be indicated 
by a V-shaped pH-dependent solubility curve with a minimum PO4 solubility at pH~7 and 
a substantially enhanced PO4 dissolution below this value. None of the unfertilized soils 
had a V-shaped curve so there was no visually obvious implication of dissolution of Ca-
phosphates on the curves. 
In the case of Gföhl soil, the pattern of PO4-P solubility is very different (Figure 3, top 
right). For soil Gföhl, there was no U shape of the curve, but PO4-P is lowering in 
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concentration from pH 7 towards lower pH. There is no obvious minimum. This pattern in 
agreement with the generally accepted theory which states that anion adsorption increases 
with decreasing pH. 
The Gföhl soil was then subjected to fertilization in the lab (spiking), which probably led 
to a neo-formation of Ca-phosphates, as indicated by the bend in the curve at intermediate 
pH, confirming hypothesis H4. 
In other words, there was enough phosphate in Gföhl P to saturate adsorption places and to 
enter the process of precipitation with Ca-minerals. Ca-phosphate formation became the 
stronger control of P solubility than adsorption. The curve therefore has an intermediate 
negative pH dependence of solubility on a curve that otherwise displays positive pH 
dependence. From pH 5,5 towards lower pH the solubility product of Ca-phosphate is 
exceeded by sorption; P is removed from the solution by sorption. 
Gumpenstein soil has a considerably lower minimum than the other soils (around pH 4,5, 
see Figure 3, center left). It is unclear why, possibly texture plays a role here, alas we did 
not have texture data for Gumpenstein. Upon spiking Gumpenstein, the pH dependence 
changed on visual inspection. There may have been an intermediate negative pH 
dependence, as observed in Gföhl upon spiking, but the number of increments is too small 
to make this claim. 
The results of Tunesi et al. (1999) indicated that adsorption predominated as the control of 
P solubility at low concentrations of P added by spiking. At a certain threshold 
concentration of the spike, precipitation became the predominant controlling mechanism of 
solubility (Tunesi et al., 1999). We found a similar result comparing Gföhl and Gföhl P 
(Figure 3, top left). 
This result is also interesting because it is otherwise difficult to detemine which process is 
predominating. The Langmuir equation, for example, cannot be used statistically to 
determine whether adsorption or precipitation (formation of secondary minerals) is 
occurring [at a specific pH] during anion fixation reactions in soils (Veith and Sposito, 
1977). By screening a wide range of pH values, we show the switch between controlling 
mechanisms in the case of Gföhl and Gföhl P. To add weight to these experimental results, 
it would be beneficial to repeat the experiment with more increments in the discussed 
intermidiate range, where we observed this switch. 
Barrow (1984) writes that for soils of high phosphate status, retention of newly added 
phosphate may be more inclined to increase with increasing pH than for soils of low 
phosphate status. We did not spike any initially high-P soils (field fertilized) in this 
experiment, but we expect the sorption behaviour of P would be different in initially high 
and low-P soils, as was shown by Gustafsson et al. (2012). This is because the point of 
zero charge decreases by prior reaction with phosphate (Barrow and Debnath, 2015) and as 
the amount of adsorption increases. The point of zero charge is the pH value at which the 
adsorbent surface reaction has no effect on the adsorption, and phosphate reacts with 
negatively charged surfaces in the pH range, relevant for agriculture. Therefore, spiking 
previously fertilized soil with P would show a different pH dependence of P solubility than 
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that of the same soil that has never been fertilized in the field, but we freshly spiked with P 
in the lab. 
Upon acidification, Fe and Al concentration is solution generally increased in our soils 
without drastic differences among soils (Figure 8, Figure 9) Acidification causes the 
dissolution of hydroxy-Fe and hydroxy-Al interlayers that are present in soils with at least 
some clay in them. In connection with P, the dissolution of these sorbents releases P that is 
bound to them into the solution, which increases the concentration. At the same time, 
acidification can expose previously inaccessible interlayer to which P can (re)adsorb. If we 
increased the pH again, new interlayers would start forming and some of the adsorbed P 
would be trapped/occluded (Gustafsson et al., 2012). 
Airdrying may artificially elevate the quantity of soluble reactive P above in situ 
conditions (Hodges, 2000; McBeath et al., 2012a; Mcbeath et. al., 2012b). This may only 
have changed the concentration, but not the pH dependent curve, but it is something to 
consider in such experiments. Our soils from the BZI NÖ archive have been dry and in 
storage for decades. 
Further, it would be illuminating to perform batch experiments with a different type of P-
spike and a different background electrolyte, so as to see the effect of ionic strength on the 
pH-dependent solubility of P, as the ionic medium in which the measurements are made 
affects the effect of pH on the retention of phosphate (Barrow, 1984). 
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Figure 12. Differences in results of P 
determination by ICP-OES and by 
colorimetry. Vertical axes are not the same 
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Another interesting aspect is the difference between the two measurements (colorimetry 
and ICP-OES). As mentioned in the chapter 2.3 METHODS, we aimed to measure 
orthophosphate colorimetrically and orthophosphate and colloidal phosphate by ICP-OES. 
The results of the two methods were linearly related with ICP results almost consistently 
having greater values than colorimetry (Figure 12). This is similar to the results of other 
studies, including that of Adesanwo et al. (2013) where the results of the ICP were 15% 
greater than of the colorimetric measurement in deionised water extracts. The relationships 
between the P determined by ICP and colorimetry are dependent on the soil-test P (STP) 
method used, method of filtration adopted, and the presence or absence of organic P forms 
in the extract (Adesanwo et al., 2013). Neither our extractant (high quality deionised water) 
nor background electrolyte (NaNO3) were acidic or alkaline. 
The ICP plasma releases elemental P from all forms of the extract, including organically 
bound P, whereas this fraction is unable to form the phosphomolybdate complex that 
produces the blue colour which is measured by the colorimetric method. With the ICP 
method, we also detected P bound to colloidal particulate matter or clay; the samples were 
filtered through a 0,2-μm filter which should allow colloidal particles to pass. Differences 
between ICP-P and colorimetrically determined P were found to be similar for manured 
and non-manured soils, suggesting that the contribution of organically bound P may not be 
the major reason for the greater P measured with ICP (Pittman et al., 2005) in their 
Mehlich-3 extracts and supporting the notion that the differences in measured P 
concentration can be attributed largely to the inclusion or omission of colloids. Mallarino 
(2003) and (Pittman et al., 2005) report that the difference between P measured by the ICP 
and by colorimetric methods was proportionally larger in low-P soils, possibly due to 
differences in sensitivity of these two methods (Adesanwo et al., 2013), however, we did 
not observe this when comparing our soils of different P status (Figure 12). Adesanwo et 
al. (2013) and Mallarino (2003) report that the difference between the two methods 
increased with decreasing pH for their Mehlich-3 extracts, which we only noticed in the 
case of Herzogenburg A and possibly Herzogenburg B, but the number of increments was 
too small to make this claim for the latter (Figure 12 a and b). The correlation between the 
ratio collorimetry-P:ICP-P and properties of the extract seem to be of importance, for 
example the ionic strength of solution, as Barrow (1984) points out, and soil properties 
such as particle size. 
According to soil colloid theory, there is a higher abundance of colloids in moderately 
acidic soils, but comparing the colorimetry-P and ICP-P results of our initially moderately 
acidic soils Gumpenstein and Gföhl, we did not observe this (Figure 12, c, d, g, h). 
In Gföhl soil (Figure 12 g), the results differ considerably at higher pH, but this might 
have to do with the methodology of the colorimetric method. If the samples are too 
alkaline, then the reaction needed for the method does not occur and the resulting sample 
colour does not reflect the actual P-concentration. Possibly this happened with Horn as 
well (Figure 12 g and h). 
 
28 
Mrak K. The effect of pH on phosphate solubility in soils.  




A prerequisite for sustainable agriculture is the responsible handling of resources, 
including soil and fertilizer. Further research in the realm of nutrient mobility in the 
rhizosphere is therefore an integral part of agricultural sciences. As we established before 
in this work, the understanding of phosphate availability to plants is based on an outdated 
view of phosphate geochemistry. A better understanding of the mechanisms involved 
would prevent false predictions, leading to minimizing costs and loses to the environment. 
As argued in the introduction, attributing the size of readily available phosphate in soil 
solution to separate postulated sinks (fixation by Al, fixation by Ca) creates confusion 
about how the nutrient behaves in the soil-plant system and can lead to false predictions. 
An interchangeable usage of the term “solubility” and “availability” also contributes to this 
confusion. With this thesis we add to the existing published evidence showing that there is 
not a maximum of phosphate solubility at near neutral to slightly acidic pH, but in most 
soils, rather a minimum. 
Further experiments with longer equilibration times in the lab would be illuminating to get 
a better picture of the mechanism of occluded P solubilization. This is the pool that is 
“non-reactive” but plays an important role in long-term response to fertilization and in 
contributes to the risk of P-leaching (Gustafsson et al., 2012). Another big asset for our 
experiment would be having access to soils from long-term experiments. As a continuation 
of this work, it would be of interest to perform speciation analysis (e.g. X-ray adsorption 
near edge structure; XANES spectroscopy) and to learn more about how the different P 
pools change over time. It would be illuminating to increase the incubation time to more 
than a week. Further, it would be interesting to collaborate with a geology lab to relate the 
pH dependent solubility to mineralogical properties of the soil. Al and Fe are important 
sorbents in agricultural soils and it would be interesting to conduct further studies on their 
composition and temporal dynamics (Simonsson et al., 2018) with respect to P. It would be 
interesting to study the relationship between the adsorption of P to Al- and Fe-(hydr)oxides 
and the fertilization history, to see in how far a preference to bind to one of the two 
minerals is a result of fertilization, like (Eriksson et al., 2016) observe. Our findings are 
based on results from laboratory experiments; they might have been different under field 
conditions, because a field is an open system of P inputs and outputs. 
Apart from kinetic experiments, chemical speciation analysis and longer equilibration time 
in batch experiments, the use of model simulations can be utilized for determining the 
long-term dynamics of phosphate in soil. Some advanced models, like APSIM 
(Agricultural Production Systems Simulator), are capable of assessing the short as well as 
long-term dynamics of P in the soil as a function of initial soil P contents of readily and 
sparingly available pools and multiple complex input parameters (Delve et al., 2009). 
Focus on developing such tools further seems inevitable in future. 
Clearly, the surface reactive phosphate and occluded phosphate have different dynamics in 
agricultural soils. Also focusing on studying the less mobile, “occluded” phase of P makes 
sense in terms of agriculture, as it is a large and therefore important pool of P, that is 
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already present at the actual site of agricultural production. Organic agriculture is often 
said to be “mining the soil P reserves” by relying on the legacy of P inputs for crop 
production. This refers to occluded P. To determine the sustainability of such agricultural 
systems, the dynamics of this pool of P needs to be understood.  
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Phosphorus (P) plays a crucial role in agroecosystems as it is an essential nutrient in plant 
and animal nutrition and is limiting agricultural production in most regions (Jarvie et al., 
2019). Striving for a more sustainable use of P in agriculture, we should consider the 
complex interactions of biotic and abiotic factors that ultimately affect P mobility. The 
theory of a maximum of P solubility at near-neutral pH can still be found in textbooks, 
with additional claims, that solubility of soil P is controlled by fixation by Al and Fe in the 
lower end and by Ca in the higher end generally across most soils. This notion is not in 
accordance with the results of experimental studies by multiple researchers, including 
notably N. J. Barrow, who show that the solubility of P does not display a maximum at 
circumneutral pH and often even displays a minimum at this pH. Rather than to accept 
several postulated sinks of P for all soils (fixation by Ca, fixation by Al), Barrow suggests 
that phosphate solubility can be seen more mechanistically: as adsorption followed by solid 
state diffusion of the adsorbed phosphate ions into the adsorbing particle. The effects of pH 
on phosphate solubility can be described as a combination of three terms in any soil: the 
rate of uptake of phosphate by roots, the amount desorbed from soil and the amount sorbed 
by soil (Barrow, 2017), with possible neo-formation of Ca-phosphates upon high additions 
of P in soils with at least some carbonate content. Depending on soil characteristics and 
present conditions, the relative contribution of these processes to the soil solution P status 
can be positive or negative. 
We conducted batch experiments using low and high P field-collected soils to determine P 
solubility response to pH modification by acid / base additions. We equlibrated soil-water 
slurries in darkness for 7 days while shaking. The chosen background electrolyte was 
ammonium nitrate (NaNO3) and the chosen acid and base where nitric acid (HNO3) and 
sodium hydroxide (NaOH) respectively. After the equilibration, we centifuged the 
samples, measured the pH of the supernatants and filtered and stabilized the samples. 
Analysis of P was done using two techniques: i) colorimetrically with a photometer using 
the molybdate blue method and ii) spectrophotometrically by ICP-OES. Colorimetrically, 
we measured ortophosphate and spectrophotometrically we measured ortophosphate and 
colloidal phosphate. 
The solubility curves were different for our 10 soils (Figure 2). Our hypothesis stating that 
dissolved PO4-P is lowest in the slightly acidic to neutral pH range is confirmed for all 
soils except Herzogenburg A and Herzogenburg B (Figure 2 and Figure 7), where we did 
not obtain pH values lower than 5 due to the strong buffering capacity of these two soils. 
The fertilized soils (Herzogenburg A, Herzogenburg B and Gföhl B in Figure 4) displayed 
a minimum of the solubility curve generally at a higher pH than low-P soils. The minimum 
was observed between pH 6 and 7, which confirmed the findings of other studies 
(Gustafsson et al., 2012; Murrmann and Peech, 1969; Devau et al., 2011; Weng et al., 
2011). Desorption is large at low pH and has a minimum at pH 6-7 (Barrow, 2017) and this 
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was obviously the dominating process in the case of Herzogenburg A and Herzogenburg B. 
The increased solubility in the lower pH range in initially high-P soils may be desorption 
from (hydr)oxide surfaces and weathering of apatite-like compounds (Gustafsson et al., 
2012), however, with such simple experiments we cannot separate the two effects and can 
only suspect they both have had a role. Since we observed a concurrent increase in 
dissolved Al and Fe in all our soils (Figure 8, Figure 9), a dissolution of Al and Fe-
hydroxide-type surfaces in the acidic range in the fertilized soils seems like viable 
explanation for Herzogenburg A and Herzogenburg B. Above pH 7, there was only a slight 
increase in solubility, but the concentration of PO4-P remained low compared to lower pH 
in these soils (Figure 4). In other soils, the solution concentration of PO4-P above pH 7 
generally increased rapidly with increasing pH (Figure 2). In the case of Gföhl B and 
Gumpenstein, we observe what is likely a dissolution of Ca-phosphates at lower pH. The 
dissolved Ca concentration of Gföhl B and Gumpenstein increased with decreasing pH 
similarly as PO4-P (Figure 5). We observed differences in the pH-dependent curve if P 
was added during field fertilization or freshly in the laboratory (spiking), similarly to 
previous studies, including Gustafsson et al. (2012), evident in Figure 2. For soil Gföhl, 
PO4-P is lowering in concentration from pH 7 towards lower pH with no obvious minimum 
(Figure 3, top right). This pattern in agreement with the generally accepted theory which 
states that anion / adsorption increases with decreasing pH (Chessworth, 2008). We then 
spiked the Gföhl soil, which which led to a neo-formation of Ca-phosphates, as indicated 
by the bend in the curve at intermediate pH. This means there was enough phosphate in 
Gföhl P to saturate adsorption places and to enter the process of precipitation with Ca-
minerals (Figure 3, top right). 
Another interesting aspect is the difference between the two measurements; the results of 
the two methods were linearly related with ICP results almost consistently having greater 
values than colorimetry (Figure 12), which is due to the inclusion of colloidal P in the P 
content, measured by ICP-OES. According to soil colloid theory, there is a higher 
abundance of colloids in moderately acidic soils, however, our results did not show this 
(Figure 12, c, d, g, h), possibly due to methodological issues. 
As argued in the introduction, attributing the size of readily available phosphate in soil 
solution to separate postulated sinks (fixation by Al, fixation by Ca) creates confusion 
about how the nutrient behaves in the soil-plant system and can lead to false predictions. 
An interchangeable usage of the term “solubility” and “availability” also contributes to this 
confusion. When giving information on the geochemical behaviour of a solute, the term 
solubility is advisable, as it relates to the chemical properties, and not also to the biological 
factors, such as i.e. uptake efficiency of a crop. With this thesis we add to the existing 
published evidence showing that there is not a maximum of phosphate solubility at near 
neutral to slightly acidic pH, but in most soils, rather a minimum. This understanding has 
important implications for agriculture, as it can minimise costs for the farmer (e.g. liming) 
and adverse effects of agriculture for the environment, but also contribute to the 
development of suitable methods for presenting existing fertilizers properly and testing 
new recycled and bio-based fertilizers. The potential of such a product can be complicated, 
if a fertilizer has strongly pH dependent solubility, like struvite (Hertzberger et al., 2020). 
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Accurate mechanistic understanding of phosphate biogeochemistry, combined with 
advanced digital simulations, needs to be a priority in agronomic research, as it contributes 






Fosfor (P) ima v agroekosistemih ključno vlogo, saj je bistveno hranilo v prehrani rastlin in 
živali ter marsikje omejuje kmetijsko pridelavo (Jarvie in sod., 2019). Gnojila s P 
nanašamo na kmetijska polja pogosto v presežnih količinah, kar je ekonomsko 
neučinkovito in okolju škodljivo. Evropska komisija navaja fosforit, vir fosfata, kot 
kritično surovino (Communication …, 2014; Study on the EU's list …, 2020). Vrhunec 
izrabe P (“peak-P”) naj bi se zgodil v približno 400 letih (Kauwenbergh in sod., 2013). 
Vrhunec izrabe naravnega vira je definiran kot časovni dogodek, ko bo naraščajoče 
povpraševanje po kritičnem viru v določenem trenutku preseglo ekonomsko razpoložljivo 
ponudbo (letno proizvodnjo), če kljub nekaterim tehnološkim napredkom izraba ne bo 
primerno nadzorovana (Cordell in White, 2011). Do tega lahko pride, preden se vir 
popolnoma izčrpa (Duboc, 2019). Ponudba in povpraševanje po fosforitu lahko v 
prihodnosti povzroči napetosti med državami izvoznicami in državami uvoznicami 
(politična odvisnost), zato so ukrepi za bolj trajnostno upravljanje P v kmetijstvu skrajno 
pomembna tema. Boljše razumevanje dinamike P v tleh pri različnih abiotskih pogojih bi 
pripomoglo k doseganju tega cilja. Razumevanje mehanizmov, ki vplivajo na topnost 
fosfata, je pomembno za napovedovanje razpoložljivosti tega hranila rastlinam in izgub v 
okolje. 
Ukrepe za bolj trajnostnostno uporabo P lahko ločimo na ukrepe, ki se osredotočajo na i) 
rastline in njihovo učinkovitost pri odvzemu P iz tal, ter na ii) tla, torej ukrepe za 
upravljanje s samim P-statusom v tleh. Z načrtnim vzpostavljanjem abiotskih pogojev, ki 
pripomorejo k večji topnosti P v tleh, bi kmetje lahko povečali rastlinam hitro dostopni 
delež tega hranila v tleh. Izboljšana učinkovitost izrabe P na kmetijskih poljih bi pomenila 
manjšo odvisnost kmetovalca od uporabe mineralnih gnojil. Vnos gnojil iz fosforita, ki je 
neobnovljiv vir, bi se tako zmanjšal, posledično pa bi se zmanjšal prenos v naravne 
ekosisteme. Rudarjenje fosforita je okolju skrajno škodljiva in draga praksa, zaloge rude pa 
so po svetu neenakomerno razporejene, pri čemer je majhno število držav v veliki 
prednosti. Na ekoloških kmetijah, kjer je vnos mineralnih gnojil omejen, je razumevanje P-
kroženja na kmetiji še posebej pomembno za izboljšanje pridelka (Manschadi in sod., 
2014). 
Izraza fosfor in fosfat se v kmetijskih priročnikih pogosto uporabljata zamenljivo, običajno 
pa je mišljen fosfatni ion. Kemijsko je fosfat derivat fosforne kisline in v naravi nastopa 
kot ion; sol ali ester. Osnovni fosfatni ion (PO4)
3- je razmeroma velik ion in lahko tvori 
številne različne kemijske oblike. Oblika iona, ki jo rastline in glive privzamejo, je H2PO4
- 
(Smith in sod., 2011), molekularni mehanizmi njegove mobilnosti pa so podobni pri 
rastlinah, algah in glivah. 
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Fosfor je ključnega pomena za rast in razvoj rastlin in predstavlja približno 0,1 do 0,5 % 
suhe mase poljščin (Manschadi in sod., 2014), rastlinam pa ga je v primerjavi z drugimi 
hranili težko pridobiti (Smith in sod., 2011). Za dušikom je fosfor drugo najpogosteje 
omejujoče makrohranilo za rast rastlin. Kot odziv na pomanjkanje fosforja specializirane 
korenine nekaterih vrst izločajo organske kisline, kar povečuje mobilizacijo P in nekaterih 
mikrohranil okoli korenin (Smith in sod., 2011). 
V tleh je fosfor lahko prisoten v sorazmerno velikih količinah, vendar je njegova 
koncentracija v talni raztopini običajno zelo majhna, saj je njegova dostopnost postopoma 
zmanjšana zaradi različnih fizikalno-kemijskih procesov (Manschadi in sod., 2014), kot so 
adsorpcija, obarjanje, ali pretvorba v organsko obliko (Holford, 1997). Izkoristek fosforja, 
vnešenega v sistem kot gnojilo, je zelo majhen in ima povprečno učinkovitost izrabe manj 
kot 45 % v prvem letu (Manschadi in sod., 2014).  
Ker negnojena tla običajno ne zadovoljujejo potreb rastlinskih kultur po P, se ta dodaja z 
gnojili z namenom doseganja večjega pridelka. Pri gnojenju je hkrati z agronomskimi 
prednostmi pomembno upoštevati tudi nevarnost onesnaženja okolja, ki ga lahko povzroči 
prenos hranilnih snovi iz tal v bližnje ekosisteme. Za oceno tveganja za onesnaženje je 
pomembno poznati sestavo gnojila, podnebne razmere in lastnosti tal. Ko pognojimo tla, 
večina dodanih hranil potuje po profilu tal navzdol, dokler ne dosežejo podzemne vode, 
kar ogroža kakovost vode, fosfor pa po gnojenju relativno hitro preide iz lahko dostopne v 
močneje vezano obliko, zato do izpiranja P v splošnem ne prihaja.  Lahko pa se prenaša v 
površinska vodna telesa z erozijo in površinskim odtekanjem. Prenos hranil povzroči 
motnjo v sprejemnem ekosistemu in zato predstavlja ekološko grožnjo. Prav tako 
spremembe v abiotičnih pogojih tal, kot je pH, vplivajo na mehanizme v tleh in v rastlinah 
in zato bistveno vplivajo na stabilnost ekosistema. 
Vrednost pH ni prostorsko-časovno stabilna značilnost kmetijskih tal, zlasti ne v ornici. 
Vrednost pH se lahko spreminja z načinom pridelovanja in gnojenja, včasih pa jo 
kmetovalec spreminja načrtno (npr. z apnjenjem). Vrednost pH tal vpliva na sorpcijo in 
desorpcijo fosfata v tleh in s tem na njegovo mobilnost v sistemu rastlina-tla. Iz tega 
razloga je napovedovanje učinka pH na dostopnost fosfata pomemben vidik kmetijske 
pridelave. 
Splošno sprejeto mnenje je, da je optimalni pH tal za dostopnost P rastlinam v zmerno 
kislem do nevtralnem območju, to je odvisno tudi od tipa tal. Pri nižjih pH vrednostih se 
kot razlog za majhno dostopnost P navaja fiksacija z Al in Fe, pri višjih pH vrednostih pa 
fiksacija s Ca (Price, 2006; Slika 1). Dela pedologa N. J. Barrowa (Barrow, 2017) in druge 
novejše raziskave kažejo, da v večini tal to ne drži, ter pri rahlo kislem do nevtralnem pH 
dokažejo celo minimalno topnost P v tleh (Veith in Sposito, 1977; Murrmann in Peech 
1969; Kreuzeder in sod., 2018; Weng in sod., 2011; Gustafsson in sod., 2012, Eriksson in 
sod., 2016; Simonsson in sod., 2018). 
Dinamiko fosfatov lahko razumemo kot en sam mehanizem; kot adsorpcijo, ki ji sledi 
difuzija adsorbiranih fosfatnih ionov v notranjost adsorbirajočega delca (Barrow, 2017). 
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Učinek pH na topnost fosfata lahko opišemo kot kombinacijo treh dejavnikov: i) hitrosti 
vnosa fosfata v korenine, ii) količine desorbiranega fosfata iz talnih delcev in iii) količine 
fosfata, ki se veže na talne delce (Barrow, 2017). Relativni prispevek posameznega 
dejavnika se spreminja glede na značilnosti tal in trenutne razmere in je lahko pozitiven ali 
negativen. Kumulativni učinek vseh treh skupaj poveča ali zmanjša količino rastlinam 
dostopnega P. Vsi trije dejavniki lahko delujejo hkrati in tako sočasno zmanjšujejo ali 
povečujejo koncentracijo topnega P v raztopini. 
Eden od ciljev apnjenja kislih tal na kmetijskih površinah je povečanje dostopnosti P 
poljščinam (Haynes, 1982). Vendar pa nedavne študije kažejo, da je topnost P tleh pri 
rahlo kislem do nevtralnem pH velikokrat najmanjša in ne največja (Veith in Sposito, 
1977; Murrmann in Peech, 1969; Weng in sod., 2011; Gustafsson in sod., 2012; Eriksson 
in sod., 2016; Simonsson in sod., 2018), kar je torej v nasprotju s tradicionalno teorijo o 
topnosti P. Barrow (2017) trdi, da je apnjenje lahko upravičeno iz drugih razlogov (npr. 
mineralizacija organskega ogljika v tleh, izboljšanje strukture tal), vendar neposredno 
povečanje topnega deleža fosforja v talni raztopini ni eden izmed njih. 
Kreuzeder in sod. (2018) v svoji študiji pokažejo, da se rastline na pomanjkanje P odzovejo 
z aktivnim zakisljevanjem ali alkalizacijo. Posledično pride v rizosferi do različnih vzorcev 
močno lokaliziranega i) izčrpavanja in ii) kopičenja P. Prav tako so organske kisline in 
protoni, ki jih sproščajo mikroorganizmi, zelo učinkoviti pri raztapljanju kompleksnih 
spojin, ki vsebujejo P. Sproščanje H +/OH ionov iz rastlinskih korenin spremeni pH talne 
raztopine za do 2 enoti pH. Aktivno zakisanje tal s strani rastlin bi bilo kontraproduktivno, 
če bi bil optimalni pH tal za topnost P pri nevtralnih vrednostih (Barrow, 2017). 
Vpliv pH na topnost ali vezavo P v tleh je sestavljen iz različnih posameznih vplivov, ki se 
na koncu seštejejo in zmanšajo ali povečajo topnostni produkt P v talni raztopini. Ko se pH 
zniža na primer s 6 na 4, se količina desorbiranega P z delcev tal poveča, pogosto pa se 
poveča tudi količina P, ki se sorbira v/na delce tal (Barrow, 2017). 
Začetna reakcija med talnimi delci in P je adsorpcija. Adsorpcija PO4-P narašča z 
zniževanjem pH, zato naj bi bili adsorpcijski procesi bolj vplivni v območju nizkih pH 
vrednosti (Gustafsson in sod., 2012). 
Če ne pride do prodiranja adsorbiranega P v delce, kot na primer pri mineralih s pravilno 
kristalno strukturo, bi bilo pričakovati, da je adsorpcija predvidljiv in končen proces (tak 
proces lahko razloži Langmuirova enačba adsorpcije). Barrow in Debnath (2015) sta lahko 
izolirano preučevala reakcijo adsorpcije z uporabo “popravljenega” goetita 
(hydrothermally treated goethite, healed goethite), ki je material s skoraj popolno kristalno 
strukturo. Iz tega v praksi sledi, da skoraj ne pride do prodora fosfata v notranjost delcev. 
Na ta način je mogoče preučevati hitrost reakcije adsorpcije, količina adsorpcije pa je bolj 
zapletena, saj je povezana v večji meri s površinsko aktivnostjo, kot pa s koncentracijo 
ionov (Bowden in sod., 1977). Zaradi heterogenosti talnih delcev je preučevanje 
posameznih tovrstnih reakcij kompleksna naloga. 
Pogosto se adsorpcija obravnava kot najpomembnejši proces, ki določa stopnjo topnosti P 
v tleh. V karbonatnih tleh adsorpcija ni več prevladujoči mehanizem. Pomemben dejavnik, 
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ki prispeva k odstranjevanju P iz talne raztopine v takih tleh, so obarjalne reakcije s Ca. 
Izračuni Weng in sod. (2011) so pokazali, da je adsorpcija najbolj vpliven mehanizem 
topnosti fosfatov v tleh z majhno vsebnostjo P, ne pa tudi pri visokem pH v tleh z visokim 
P, kjer pride do obarjanja Ca-fosfatov, kar močno vpliva na topnostni produkt. Rezultati 
Tunesi in sod. (1999) pokažejo, da so za tla z velikim rezervoarjem izmenjalnih kationov, 
ki lahko tvorijo netopne oblike fosfatov, obarjalne reakcije prevladujoči mehanizem, ki 
vpliva na topnost P. 
Ko govorimo o sorpciji, govorimo skupno o adsorpciji in difuziji v trdni snovi (“solid state 
diffusion”) adsorbiranih fosfatnih ionov po elektrokemičnem gradientu v notranjost delcev 
(Barrow, 2017). Desorpcijo lahko teoretično razumemo kot nasproten proces od 
adsorpcije. Desorpcija fosfata je pri nizkem pH velika, se občutno zmanjša pri pH 6-7 in se 
znova poveča pri pH nad približno 7 (Barrow, 2017). Kinetika adsorpcije/desorpcije je do 
neke mere reverzibilna, stopnja reverzibilnosti pa je odvisna od značilnosti tal in 
zgodovine obdelave. Na primer, močno preperela tla imajo pogosto visoko stopnjo 
nepovratne adsorpcije fosfata (Guedes in sod., 2016). Pojav, ko so značilnosti sistema 
odvisne od njegove zgodovine, se imenuje histereza in ima pomembno vlogo pri reakcijah 




Namen magistrske naloge je bil preveriti, kakšen je vzorec topnosti P v tleh v odvisnosti od 
pH. Pričakovali smo najmanjšo topnost v nevtralnem do zmerno kislem območju. N. J. 
Barrow predlaga vzorec topnosti P v odvisnosti od pH, ki temelji na eksperimentalnih 
dokazih, ki jih je mogoče razložiti s postopki adsorpcije/desorpcije, vendar trdi, da 
obarjanje P in raztapljanje mineralov, na katere je vezan P, ni pomembno za topnostni 
produkt. Druge študije, npr. Weng in sod. (2011), kažejo, da so procesi obarjanja 
P/raztapljanja mineralov s P lahko pomembni tudi v tleh z visoko vsebnostjo P. Z 
magistrsko nalogo smo želeli odgovoriti na sledeči raziskovalni vprašanji; i) kako je 
topnost P v tleh z različnimi P stanji odvisna od pH tal ter ii) ali gnojenje s P spremeni ta 
vzorec.  
 
METODE IN MATERIALI 
 
Z laboratorijskimi poskusi, v katere smo vključili tla z različnimi značilnostmi ter jim 
spremenili pH in izmerili koncentracijo fosfata ter nekaterih drugih elementov, smo 
preučevali odvisnost topnosti P od pH talne raztopine.  
Vzorce tal smo izbrali iz arhiva BZI NÖ (Bodenzustandsinventar Niederösterreich) glede 
na njihove lastnosti (Preglednica 1). Izbrali smo pare tal, ki so imeli med sabo podobne ali 
komplementarne lastnosti. Izbrali smo samo vzorce odvzete na globini 0 - 20 cm, in s tem 
zagotovili, da so bile izmerjene koncentracije značilne za ornico. En vzorec tal je bil s 
travnika, preostali pa so bili vzorci njivskih tal. Poleg tal iz arhiva BZI NÖ so bili v poskus 
vključeni trije novejši vzorci tal, ki jih hrani laboratorij skupine Rhizosphere Ecology and 
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Biogeochemistry (Gumpenstein, Gföhl A, Korning + Lassee). Pred dejanskim poskusom 
smo izvedli predhodne poskuse z manjšim stevilom vzorcev vsakih tal, da bi optimizirali 
izbrano poskusno metodo, pred spektroskopskimi meritvami pa smo preverili ujemanje 
matric. 
Na podlagi metode Gustafsson in sod. (2012) smo v polipropilenske epruvete zatehtali dva 
grama zračno sušenih tal, presejanih skozi 2 mm sito. V vsako vialo smo dodali 30 cm3 
natrijevega nitrata NaNO3 (0,01 M), raztopljenega v deionizirani vodi. Nato smo v vsako 
vialo dodali kislino (HNO3) ali bazo (NaOH), dodane količine pa so bile do vključno 50 
mM HNO3 in do vključno 15 mM NaOH, v intervalih 1 mM brez ponovitev. V 
laboratorijskem poskusu smo kot gnojilo uporabili natrijev dihidrogenfosfat (NaH2PO4 x 
2H2O), ekvivalenten 4,5 mM P / kg tal, ki smo ga dodali suspenzijam, sicer pa je bila 
uporabljena ista metoda, kot pri vzorcih brez dodatka. Vse viale smo nato s pomočjo 
stresalnika stresali 7 dni v temi pri sobni temperaturi, nato pa 20 minut centrifugirali pri 
3000 vrtljajev na minuto. Po centrifugiranju smo izmerili pH in vzorec filtrirali skozi 
kolutni filter. V talnih suspenzijah smo določili (i) ortofosfat fotometrično, ter (ii) 
ortofosfat in koloidni fosfat z atomsko emisijsko spektroskopijo z induktivno sklopljeno 
plazmo. 
 
REZULTATI IN RAZPRAVA 
 
Krivulje topnosti so se med vsemi tlemi razlikovale (Slika 2). Hipoteza H1, ki navaja, da je 
vsebnost topnega PO4-P majhna v rahlo kislem do nevtralnem območju pH, je potrjena za 
vsa tla, razen Herzogenburg A in Herzogenburg B (Slika 2 in Slika 6). 
V tleh Gföhl krivulja topnosti fosfata v odvisnosti od pH ni imela očitnega minimuma 
topnosti, opaziti pa je bilo pozitivno odvisnost pH v območju, relevantnem za kmetijstvo 
(Slika 3, zgoraj levo), skladno s teorijo o adsorpciji anionov ali kationov iz raztopine v 
odvisnosti od pH (Chesworth, 2008). To so bila edina tla s takim vzorcem topnosti.  
Pri gnojenih tleh (Herzogenburg A, Herzogenburg B in Gföhl B, Slika 4), smo opazili 
minimalno topnost P pri višjem pH kot v tleh z majhno vsebnostjo P, kar potrjuje H2. 
Podobno kot je bilo ugotovljeno v drugih študijah (Gustafsson in sod., 2012; Murrmann in 
Peech, 1969; Devau in sod., 2011; Weng in sod., 2011), smo tudi mi najmanjše 
koncentracije PO4-P opazili med 6 in 7. Topnost se je nekoliko povečala nad pH 7, vendar 
je koncentracija PO4-P ostala nizka v primerjavi z nižjim pH. 
Če je na krivulji topnosti viden minimum pri pH 7 in topnost pod to vrednostjo strmo 
narašča, lahko sklepamo na prisotnost Ca-fosfatov (Eriksson in sod., 2016) in tak vzorec 
smo opazili pri tleh Herzogenburg A, Herzogenburg B in Gföhl B (Slika 4), ki so gnojena 
tla. Podobne rezultate navajajo tudi Eriksson in sod. (2016). 
Desorpcija je pri nizkem pH velika, pri pH 6-7 pa najmanjša (Barrow, 2017). Desorpcija je 
bila prevladujoči vplivni proces na dostopnost P v primeru tal Herzogenburg A in 
Herzogenburg B (Slika 4). Razlog za povečano topnost pri nižjem pH v tleh z visoko 
vsebnostjo P je lahko i) desorpcija s površin hidroksidov ali ii) preperevanje apatitov ali 
37 
Mrak K. The effect of pH on phosphate solubility in soils.  
    M.Sc. Thesis. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Department of Agronomy, 2021      
 
njim podobnih spojin (Gustafsson in sod., 2012). S tako preprostimi poskusi ne moremo 
ločevati med obema procesoma, lahko pa sklepamo, da sta oba procesa igrala vlogo. Ker je 
desorpcija s površin hidroksidov reverzibilna reakcija, preperevanje pa je nepovratno, bi 
bilo zanimivo znova povečati pH teh vzorcev in primerjati obe koncentraciji raztopljenega 
PO4-P. Na ta način bi ugotovili ali je fosfat reverzibilno adsorbiran, torej rastlinam najlažje 
dostopen (Manschadi in sod., 2014). Nekatere reakcije, ki vplivajo na topnost P, so hitrejše 
od drugih, zato bi tudi s kinetičnimi poskusi lahko sklepali več o razlogih za povečano 
topnost pri nižjem pH. Na podlagi hitrosti reakcij bi lahko domnevali, kateri procesi imajo 
prevladujoč vpliv na topnost (adsorpcija / desorpcija je hitrejša reakcija od preperevanja P-
mineralov) (Gustafsson in sod., 2012). 
Nad pH 7 koncentracija PO4-P v raztopini navadno hitro narašča z naraščajočim pH, kar 
smo opazili pri vseh tleh, razen pri Herzogenburg A in Herzogenburg B, kjer koncentracija 
narašča veliko manj izrazito. Trend hitrega povečanja vsebnosti topnega PO4-P nad pH 7 je 
skupen tlem z majhno začetno vsebnostjo P in tlem s sveže dodanim P (Slika 7). Do 
povečane desorpcije nad pH 7 pride, ker se adsorbirani fosfat odmakne s površine talnih 
delcev in se zato vzpostavi gradient koncentracije iz notranjosti delca navzven (Barrow, 
2017). Hkrati se sorpcija nad pH 7 zmanjša (Slika 10), zaradi česar je desorpcija v tem 
primeru najvplivnejši dejavnik topnosti (ima največji vpliv na topnost). 
Pri gnojenih tleh je povečanje PO4-P pri nizkem pH pogosto posledica raztapljanja bližnjih 
mineralov (“short range minerals”), ki vsebujejo Al ali Fe, na katere je adsorbiran P 
(Simonsson in sod., 2018). Povečanje vsebnosti topnih Al in Fe smo opazili pri vseh 
analiziranih tleh (Slika 8, Slika 9), zato lahko sklepamo, da so se pri gnojenih tleh, kjer se 
vsebnosti PO4-P proti nižjemu pH povečajo, raztapljali tovrstni minerali. 
Na krivuljah topnosti tal Horn in Horn P smo opazili rahel vrh, torej povečanje topnosti 
med pH 6 proti pH 4,3 in nato ponovno zmanjšanje (Slika 3, zgoraj desno). Pri tleh z 
majhno vsebnostjo fosfatov, kot je Horn, se sorpcija poveča, ko se pH zniža s 5 na 3. 
Pogosto je ugotovljena najmanjša sorpcija okrog pH 5 (Barrow, 2017). Sorpcija je bila 
najverjetneje proces, ki je najbolj vplival na topnostni produkt P v primeru tal Horn. Tu 
igrajo pomembno vlogo glineni minerali, saj tla Horn vsebujejo 22% gline, kot so opazili 
tudi Eriksson in sod. (2016) pri podobnih tleh “Bjertorp” s podobno krivuljo topnosti, prav 
tako pa to ugotavljajo tudi Weng in sod. (2011) ter Gustafsson in sod. (2012).  
V pregledu literature navedene študije so pokazale, da je krivulja topnosti P v odvisnosti 
od pH drugačna, če je bil P dodan z gnojenjem na polju ali nanešen v talno suspenzijo v 
laboratoriju (Gustafsson in sod., 2012). Tudi mi smo pri tleh, ki so bila gnojena na polju 
(Herzogenburg A, Herzogenburg B in Gföhl B), opazili drugačen vzorec (Slika 2, Slika 4), 
kot pri preostalih tleh. 
V primeru tal Gföhl je vzorec topnosti P videti precej drugače od drugih (Slika 3, zgoraj 
desno), koncentracija P se zmanjšuje s pH 7 v smeri proti nižjim vrednostim pH, očitnega 
minimuma ni. Ta vzorec je skladen s teorijo, ki pravi, da se adsorpcija anionov povečuje z 
zniževanjem pH. Ko smo tlem Gföhl v laboratoriju dodali P, je prišlo do novotvorbe Ca-
fosfatov. V tleh Gföhl je bilo po dodatku prisotnega dovolj fosfata, da je zasedel vsa 
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adsorpcijska mesta in se je lahko pričel proces obarjanja s Ca-minerali, kar so opazili tudi 
Tunesi in sod. (1999). Tvorba novega Ca-fosfata je postala močnejši vplivni dejavnik 
topnosti P kot adsorpcija, to opazimo na krivulji (Slika 3, zgoraj desno); krivulja kaže 
pozitivno odvisnost topnosti P od pH, vmes pa opazimo negativno odvisnost topnosti od 
pH. 
Vpliv ionske moči elektrolita na topnost P v odvisnosti od pH bi lahko preverili v poskusu 
z dodajanjem drugega vira P in drugim »ozadnim« elektrolitom (“background 
electrolyte”). Namreč, ionski medij, v katerem opravljamo meritve, občutno vpliva na 
zadrževanje fosfata v odvisnosti od pH (Barrow, 1984). 
Z metodološke plati je zanimiv rezultat razlika med obema meritvama (kolorimetrično in z 
ICP-OES). Kolorimetrično smo merili ortofosfat, z ICP-OES pa ortofosfat ter koloidni 
fosfat. Rezultati obeh metod so bili linearno korelirani, ICP-OES vrednosti pa so bile 
večje, kot kolorimetrično izmerjene (Slika 12), kar ugotavlja več drugih študij, vključno z 
Adesanwo in sod. (2013), kjer so bili vrednosti ICP-OES povprečno za 15% večje od 
kolorimetrično izmerjenih v ekstraktih, podobnih našim. To lahko razložimo s tem, da 
kolorimetrično izmerimo samo ortofosfat, z ICP-OES pa celotno vsebnost P v vzorcu.  
Teoretično je v zmerno kislih tleh pričakovati več koloidov, vendar pri primerjavi 
kolorimetrično izmerjenega P in spektrofotometrično izmerjenega P tega iz rezultatov 
naših kislih tal Gumpenstein in Gföhl nismo opazili (Slika 12, c, d, g, h). V tleh Gföhl 
(Slika 12 g) se rezultati pri višjem pH precej razlikujejo, saj je pri višjem pH koncentracija 
P, izmerjena z ICP-OES precej večja kot kolorimetrična, kar je lahko povezano z 
metodologijo kolorimetrične metode (npr. premalo oksidacijskega sredstva, potrebnega za 




Predpogoj za trajnostno kmetijstvo je odgovorno ravnanje z viri, predvsem s tlemi in 
gnojili. Nadaljnje raziskave na področju prenosa hranil v rizosferi so zato bistven del 
kmetijskih znanosti. S to nalogo dodajamo težo nekaterim obstoječim objavljenim 
študijam, ki kažejo, da topnost fosfata pri skoraj nevtralnem do rahlo kislem pH ni 
največja, ampak pogosto celo najmanjša. Boljše razumevanje mehanizmov, ki vplivajo na 
topnost P, je pomembno za boljše napovedi o dostopnosti in dinamiki P, kar bi zmanjšalo 
stroške v kmetijstvu in izgube v okolje. 
Poleg kinetičnih poskusov, analize kemijske speciacije in daljšega inkubacijskega časa v 
poskusnih serijah lahko za določanje dolgoročne dinamike fosfata v tleh uporabljamo tudi 
modelne simulacije. Nekateri napredni modeli, kot je APSIM (Agricultural Production 
Systems Simulator; Manschadi in sod., 2014), lahko ocenijo tako kratkoročno kot 
dolgoročno dinamiko P v tleh kot funkcijo začetne vsebnosti P v lahko dostopnih frakcijah 
in drugih kompleksnih začetnih parametrov (Delve in sod., 2009). Agronomski modeli 
sorpcije fosfatov bi morali biti sposobni hkrati upoštevati različne procese, skozi katere gre 
fosfat med sorpcijo/desorpcijo (Gustafsson in sod., 2012), obarjanjem in raztapljanjem 
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mineralov, na katere je vezan P in dolgoročno dinamiko površinsko reaktivnega in 
zaprtega (“occluded”) fosfata v tleh z različnimi začetnimi stanji P. To znanje je potrebno 
za diagnosticiranje potreb po P ter za napovedovanje dostopnosti fosfata poljščinam (Sun 
in sod., 2017) in potenciala za izgube P v okolje. Osredotočenost na razvoj takšnih orodij 
se zdi v prihodnosti priporočljiva ali celo neizogibna. 
Površinsko reaktivni fosfat in zaprti (occluded) fosfat imata različno dinamiko v kmetijskih 
tleh. Proučevanje manj mobilnih frakcij P se zdi zelo smiselno na področju ekološkega 
kmetijstva, saj gre za velik in zato pomemben bazen P, ki je že prisoten na dejanskem 
mestu kmetijske pridelave. Za ekološko kmetijstvo je znano, da izkorišča stare talne zaloge 
P tako, da se zanaša na “zapuščinski” P, ki je bil dodan z gnojenjem v prejšnjih desetletjih 
pred prehodom na ekološki način pridelovanja. V tem primeru govorimo o zaprtem P 
(“occluded P”). Za realno oceno trajnosti takšnih kmetijskih sistemov je potrebno razumeti 
dinamiko tega bazena P ter ga nato upoštevati pri izračunih bilance hranil na kmetiji. 
Prav tako je pomembno dejstvo, da se na trgu pojavlja vedno več recikliranih gnojil iz 
bioloških odpadkov, bogatih s P, ki jih v prihodnosti lahko pričakujemo še več. Ti 
materiali so običajno zelo heterogeni in zahtevno je določiti najprimernejšo metodo za 
opisovanje novih gnojil, ki bi jo morali standardizirati. Primernejše so metode, ki dajejo 
informacije o tem, kako se bo hranilo obnašalo v širokem razponu pogojev na polju (npr. 
pH vrednosti), oziroma mora biti izbrana metoda primerna za lokalne pogoje (Kratz in 
Schnug, 2009). Nekatere ekstrakcije P, ki se uporabljajo za preizkušanje gnojil, vključujejo 
reakcije pri določenem pH. Proizvajalec gnojila ponavadi izbere metodo ekstrakcije, ki 
predstavi "P-učinkovitost" njihovega gnojila na podlagi tega, kako bodo rezultati 
razlikovali njihov izdelek od drugih na trgu, kar je pristranska informacija. Predstavljeni 
rezultat je lahko informacija, ki ni uporabna za določene razmere (npr. določen pH tal). 
Količino P v gnojilu, ki v enem vegetacijskem obdobju postane topna, je zato priporočljivo 
določevati z vodno ekstrakcijo ali, v primeru zmerno kislih tal, z uporabo nevtralne 
ekstrakcije z amonijevim citratom (Kratz in Schnug, 2009). To lahko vodi do napačnih 
napovedi o dinamiki P na polju in do neprimernih vnosov gnojil. V zgodnjih fazah razvoja 
gnojil je potrebno preučiti več parametrov (v širokem območju pH vrednosti), da se izdelek 
optimizira glede topnosti hranil in kinetike sproščanja (Duboc in sod., 2017). Zaradi prej 
omenjene pristranskosti proizvajalcev ter zaradi velike variabilnosti pH in vsebnosti 
karbonata v obdelovalnih tleh, se zdi, da so metode, ki delujejo na širokem spektru pH 
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